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Abstract: Alumina whisker reinforced zirconia ceramic composite was prepared by both hot
oscillatory pressing (HOP) and conventional hot pressing (HP). The results show that compared with
HP, HOP can significantly increase the final density and densification rate of the material. Analysis of
densification kinetics reveals that the predominant densification mechanism transits from grain
boundary sliding in the beginning to the diffusion in the later stage. The main effect of the oscillating
pressure is to increase the densification rate in the process of grain boundary sliding. The current
study suggests that HOP is a promising technique for densifying whisker reinforced ceramics.
Keywords: hot oscillatory pressing (HOP); densification behavior; grain boundary sliding; whisker
reinforced ceramic composite

1

Introduction

Incorporating whiskers into the ceramic matrix to form
the whisker-reinforced ceramic composites is one of
the most effective methods to strengthen ceramic
materials [1–5]. The composites exhibit significantly
improved mechanical properties compared with their
monolithic counterparts, thus having many important
engineering applications in turbine engines [6], cutting
tools [7], ballistic protection [8], and biological
applications [9]. However, sintering the composites to
high density is a difficult job. Because the rigid ceramic
* Corresponding authors.
E-mail: G. Shao, gang_shao@zzu.edu.cn;
L. An, linan74@gmail.com

whiskers hardly accomplish the shrinkage in the process
of sintering [10–12], the shrinkage of ceramic matrix
would generate high stresses around the whiskers,
which hinders the matrix shrinkage and causes the
densification of composites difficult [13–15]. Therefore,
the whisker-reinforced ceramic composites are usually
prepared by pressure-assisted processes at very high
temperatures and pressures, such as hot pressing (HP)
[16] and hot isostatic pressing [17]. In these conventional
pressure-assisted processes, static pressure was applied
to provide additional driving force for promoting
material transfer to overcome the restriction caused by
whiskers [18].
Recently, a new pressure-assisted sintering technique,
hot oscillatory pressing (HOP), was developed [19].
Unlike the conventional HP which uses static pressure,
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HOP uses oscillatory pressure. The technique has been
applied to many material systems [20–27]. It shows
that compared with conventional HP, HOP can enhance
densification, suppress grain growth, and improve
mechanical properties for almost all material systems
tested so far. The proposed mechanisms for the
improved sinterability and mechanical properties
including the oscillatory pressure can break powder
agglomeration, promote grain-boundary sliding [28],
cause plastic deformation [24], and facilitate liquid
phase distribution [21]. HOP has also been applied to
prepare the whisker-reinforced ceramic composites
[29–34]. These works revealed that HOP can also
improve the densification and mechanical properties of
the composites. However, these earlier works reported
the final density only, but no information on the entire
densification process, and therefore lacked an in-depth
understanding of the densification mechanism.
In this study, we prepared the Al2O3-whisker reinforced
ZrO2 composite by both HOP and HP. As an oxide–
oxide system, the composite has natural oxidation
resistance, and is one of the excellent candidates for
structural applications at high temperatures and oxidizing
environments. This study shows that HOP not only
increases the final density, but also increases the
densification rate. This study also shows that although
the oscillatory pressure does not change the sintering
mechanism of the materials, but accelerates the grain
boundary sliding in the sintering process of initial
stage and intermediate stage.

2

Experimental

The starting materials used in this study were 3 mol%
yttria-doped tetragonal zirconia powders with a mean
particle size of 20–50 nm (3YSZ, 99.9% purity, Beijing
HWRK Chem Co., Beijing, China) and alumina whiskers
with a mean diameter of ~3 μm and a mean length of
~90 μm (Al2O3w, 95% purity, Shandong Dongheng
Chem. Co., Dongying, China). 10 wt% Al2O3 whiskers
(corresponding to 16.5 vol%) were first mixed with the
ZrO2 powders by low-speed ball milling for 48 h using
water as the milling medium. The resulting slurry was
dried by rotary evaporation at 65 ℃. The powder
mixture was then ground in an agate mortar, followed
by sieving with an 80-mesh screen.
The resulting powder mixture was finally sintered in
vacuum using an HOP apparatus (HOP2020, Chengdu

Efield Materials Technology Co., Ltd., Chengdu,
China) at 1200, 1300, and 1400 ℃. First, the mixture
was placed in a cylindrical graphite die with an inner
diameter of 30 mm and placed in the apparatus. The
sample was then heated to 1200, 1300, and 1400 ℃ at
a heating rate of 8 ℃/min under a pressure of 5 MPa.
When the temperature reached 1200, 1300, and
1400 ℃, the pressure was quickly increased to the
desired level in 3–4 min. After soaking for 120 min,
the pressure was removed, and the sample was cooled
down to room temperature with the furnace. In order to
reveal the difference between HOP and HP, the
sintering was conducted at three different conditions
(Table 1): HP at 70 MPa (HP-70), HOP at 70±10 MPa
(HOP-70±10), and HOP at 60±10 MPa (HOP-60±10).
HP-70 and HOP-70±10 have the same mean pressure.
HP-70 and HOP-60±10 have the same maximum
pressure, and thus the pressure of HOP-60±10 is never
higher than that of HP-70 all the time.
The densities of the resulting samples were measured
using the Archimedes method. Five measurements
were made for each sample. The phase compositions
were analyzed by the X-ray diffractometer (XRD,
PANalytical EMPYRAN, the Netherlands) using Cu
Kα (λ = 0.15406 nm) as radiation. The microstructure
was characterized on the scanning electron microscope
(SEM; S-4700, Hitachi, Tokyo, Japan). The average
grain sizes were determined from more than 300
individual grains by the method of linear intercept
through the statistical software of Nano Measurer. The
Vickers hardness (HV) was determined by the hardness
tester (HXD-1000TMC, Shanghai Taiming Optical
Instruments Co., Ltd., Shanghai, China) under a load
of 4.9 N for 15 s.

3

Results and discussion

The relative densities of the three samples sintered
under 1200 ℃ are measured and listed in Table 1. It
can be seen that the two samples prepared by HOP
Table 1 Relative densities and average grain sizes of
the resulting samples
Sintering condition

Relative
density (%)

Grain size
(nm)

70

95.9

184±70

1200

60±10@1 Hz

96.6

200±67

1200

70±10@1 Hz

96.9

190±65

Sample

Temperature
(℃)

Pressure
(MPa)

HP-70

1200

HOP-60±10
HOP-70±10
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have higher densities than that prepared by HP. The
sample prepared by HOP at 70±10 MPa has the highest
relative density, which is ~1% higher than that prepared
by HP at 70 MPa, although the two samples were prepared
at the same mean pressure. It is more interesting that
the sample prepared by HOP at 60±10 MPa also has
higher relative density than that prepared by HP at
70 MPa, although the former was prepared at a lower
pressure. This suggests that the final density should not
be determined by diffusion, because diffusion-controlled
densification should depend on the magnitude of the
applied pressure rather than the pressure mode.
In order to understand the densification mechanism,
the densification curves of the three samples were derived
from the final relative densities, and the corresponding
displacement curves by using the procedure described
in Ref. [35]:

i 

hf
f
hi

(1)

where i is the instantaneous relative density;  f is
the final relative density; hf is the final height of the
sintered sample; and hi is the instantaneous height of
the sample during sintering, which equals to hf  h ,
where h is the displacement relative to the final
height. In order to avoid the effect of the thermal
expansion of graphite die/indenter on the onsite
calculation of densification curve, an extra dwell time
of 30, 20, and 10 min before pressure was applied in
1200, 1300, and 1400 ℃, respectively, to achieve a
steady state of thermal expansion. Moreover, a control
experiment of blank specimen comparison was used to
eliminate the effect of thermal expansion of graphite
die/indenter. The obtained densification curves under
the three process conditions are presented in Fig. 1.
Figure 1 reveals that all the three curves exhibit three
stages: fast densification stage, retardation stage, and
zero-densification stage, as observed in HP [36,37]. It
also shows that compared with HP, HOP not only leads
to higher final relative density, but also requires much
shorter time to reach the same relative density, e.g., it
took about 60 min for HP at 70 MPa to achieve the
relative density of 92%, while it took less than 20 min
for HOP at 70±10 MPa to reach the same relative
density. Even at 60±10 MPa, it took a little more than
35 min for HOP to reach the relative density. Therefore,
the improvement of the densification by HOP mainly
occurs at the sintering process of initial stage and
intermediate stage. When the density reaches a certain

Fig. 1 Relative densities as a function of sintering time
for the three samples prepared at different conditions as
labeled.

value, the density difference between the HOP samples
and the HP sample gradually decreases.
In order to better compare the densification process
of the three samples, diffusion rates ( d /( dt ) ) were
calculated from the curves in Fig. 1. Figure 2 plots the
densification rate as a function of relative density for
the three samples. It can be seen that the three curves
take the similar trend, that is, the densification rate first
slowly decreases as the increase of relative density, and
when the relative density reaches a certain value, the
densification rate decreases rapidly and approaches to
zero. This suggests that the densification mechanism in
the low-density region is different from that in the
high-density region [37,38]. Figure 2 also reveals that
the densification rates of HOP are always higher than
that of HP at the same relative density even if the mean
pressure of HOP is lower than that of HP, especially in
the low-density region. It indicates that the oscillatory

Fig. 2 Densification rate as a function of relative density
for the three samples prepared at different conditions as
labeled.
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pressure can indeed increase the densification rate,
especially in the low-density region. This is consistent
with the results shown in Fig. 1, which shows that the
improved densification of HOP mainly occurs at the
sintering process of initial stage and intermediate stage.
According to Bernard-Granger and Guizard [39], the
densification rate of HP can be expressed by Eq. (2):
m
1 d ADbeff  b    eff 


  
 i dt
KT  G   eff 

n

(2)

where i is the instantaneous relative density, t is the
soak time, A is a material-related and dimensionless
constant, D is the diffusion coefficient, b is the Burgers
vector, eff is the effective shear modulus, K is the
Boltzmann’s constant, T is the absolute temperature, G
is the grain size,  eff is the effective applied pressure,
m is the grain size exponent, and n is the stress
exponent. eff and  eff can be calculated by using
Eq. (3):

 eff 
eff 

1  o
2

 (   o )

a

  o
E
2(1  eff ) 1   o

(3a)
(3b)

where  a is the macroscopic applied pressure;  o
is the relative density of green body, which can be
detected by the difference between the height of the
empty graphite die and pre-pressed graphite die; E is
the Young’s modulus of the material, determined to be
241.85 GPa; and eff is the effective Poisson’s ratio,
being 0.29 [39,40]. At a constant temperature and no
grain growth, Eq. (2) can be rewritten as Eq. (4):
 1 d 
  eff 
ln 
  nln 
C
 eff  dt 
 eff 

(4)

[42,43] have shown that open pores can hinder grain
growth at the intermediate stage of sintering. It has
also been proved that the grain size of ZrO2 almost
unchanged in the relative density less than 90% [44].
Thus, the data up to 85% relative density were used in
this study. For the two HOP samples, instantaneous
effect pressures were calculated by using the mean
pressure as the applied macroscopic pressure. The
straight lines suggest that the model is applicable for
the intermediate stage in the sintering of the three
samples. The three straight lines are almost parallel,
suggesting that the densification mechanism of the
three samples in the sintering process of initial stage
and intermediate stage is the same, independent of the
pressure mode. The slope of the lines is slightly higher
than 1. There are two densification mechanisms with
the stress exponent of 1 [45]: diffusion and grain
boundary sliding accommodated by diffusion flow. As
discussed above, diffusion-controlled densification rate
should only depend on the magnitude of the applied
pressure and be independent of pressure mode, which
contradicts the experimental results. Therefore, the
densification process of the three samples should be
grain boundary sliding, followed by diffusion. Figure 3
also shows that at the same effective pressure, the
densification rates of the two HOP-processed samples
are higher than that of the HP-processed sample,
indicating that the oscillatory pressure significantly
enhanced grain boundary sliding process. It is also
seen that the densification rate obtained at 60±10 MPa
is lower than that obtained at 70±10 MPa. This
indicates that the mean pressure has intrinsic effect on
grain boundary sliding.

where C is a constant for a fixed sintering temperature.
Equation (4) suggests that the log–log plot of the
1 d
) and the
modified densification rate (
eff  dt

 eff
) should be a
eff
straight line; and the slope of the line is the stress
exponent. Note that this model can only be applied for
less than 90% relative density [41].
Figure 3 is the plot of Eq. (4) for the three samples.
In order to avoid the influence of grain size, the
relative density range in which grain size remained
almost unchanged should be selected. References

normalized effective pressure (

Fig. 3 Modified densification rate as a function of
effective pressure for the three samples prepared at different
conditions as labeled.
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It has been shown that diffusion and grain boundary
sliding accommodated by diffusion flow are in fact the
same mechanism, and it is the diffusion that is rate
controlling in both cases [46]. Thus, the difference in
the densification rate must come from the repeated
sliding caused by the oscillatory pressure. There are
two possible reasons for the difference in the
densification rate: (1) The oscillatory pressure will
increase the grain boundary temperature due to the
internal friction existing in grain boundary and
interfaces of grains and whiskers [47]; (2) the
oscillatory pressure of the reciprocal cycle will cause
the grain boundaries to become flatter, which will
benefit the densification rate and inhibit grain growth.
Figure 2 also shows that the transition from grain
boundary sliding to diffusion occurred at higher densities
for the HOP samples compared with for the HP samples.
This indicates that oscillatory pressure can make grain
boundary sliding to occur at lower pressure levels.
In order to investigate the effect of the oscillatory
pressure on the microstructure, the resulting samples
were characterized by the SEM (Fig. 4). The lowmagnification images (Figs. 4(a)–4(c)) reveal that the
alumina whiskers are uniformly distributed in the
zirconia matrix, and there are almost no pores. The
high-magnification SEM images (Figs. 4(d)–4(f))
show that the grain sizes and distribution of the three
samples are similar to each other. These results indicate
that the pressure mode has no significant effect on the

development of the microstructure of the material.
The obtained samples, together with the powder
mixture, were also analyzed using the X-ray diffraction
(Fig. 5). The diffraction patterns reveal that all the four
samples consist of t-ZrO2 and α-Al2O3 phases. It is
noted that the ratio of the diffraction peak intensity of
(002) plane to (110) plane of the HOP-70±10 sample is
much higher than that of the HP-70 sample, and also
higher than that of the powder mixture. This indicates
that the sintered samples have a certain degree of (002)
oriented texture; and the oscillatory pressure promoted
such texture. The mechanism governing such change is
not clear at this moment, and desires further study.
In order to prepare the higher-performance Al2O3w–
ZrO2 composites, the HOP experiments were conducted
at higher temperatures. The relative densities and
Vickers hardness of the composites prepared at different
conditions are shown in Fig. 6. It can be found that the
relative densities and Vickers hardness of the samples
increase with pressure and temperature increasing.
Obviously, the specimen sintered at 1400 ℃ of the hot
oscillatory pressure (70±10 MPa) presents the highest
relative density and Vickers hardness of 99.3% and
17 GPa, respectively. This value of Vickers hardness is
higher than that of the conventional sintering (1500 ℃)
sample of 15.11 GPa [48] and the spark plasma sintering
condition (1500 ℃) of 16.27 GPa [49]. Thus, the HOP
sintering technique is likely applicable to prepare
high-performance whisker-reinforced ceramic systems.

Fig. 4 SEM images of the samples sintered in 1200 ℃ at (a, d) 70 MPa, (b, e) 60±10 MPa, and (c, f) 70±10 MPa. The arrows
in (a–c) indicate the presence of the pores, and the insets in (d–f) are grain size distributions.
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Fig. 5 XRD patterns of the ceramic composites sintered
at different conditions as labeled.

prepared by HP. Even the sample prepared by HOP at
lower mean pressure has higher density than that
prepared by HP at higher pressures. The time required
for HOP to sinter the material to the same density is
much shorter than that for HP. The kinetics analysis
reveals that the densification mechanism for HOP and
HP is the same, grain boundary sliding at lower densities
and diffusion at higher densities. The oscillating pressure
mainly increases the density and densification rate by
increasing grain boundary sliding rate. Microstructural
analysis reveals that the oscillating pressure does not
change the grain structure of the resulting materials,
but causes a higher degree of texture. The sample
prepared by HOP-70±10 at 1400 ℃ presents the
highest relative density of 99.3% and Vickers hardness
of 17 GPa.
Acknowledgements
We thank the financial support from the National Natural
Science Foundation of China (Grant Nos. 52072344 and
U1904180), Excellent Young Scientists Fund of Henan
Province (Grant No. 202300410369), and Henan Province
University Innovation Talents Support Program (Grant
No. 21HASTIT001).

References
[1]

[2]
[3]

[4]
Fig. 6 Relative densities and Vickers hardness of the
ceramic composites sintered at different conditions: (a)
different pressures at 1200 ℃ and (b) the same pressure at
different temperatures.

4

[5]

[6]

Conclusions

Alumina whisker reinforced zirconia ceramic composites
are prepared by both HOP and conventional HP at
different pressures. The density measurement reveals
that at the same mean pressure, the relative density of
the samples prepared by HOP is ~1% higher than that

[7]

[8]

Becher PF, Hsueh CH, Angelini P, et al. Toughening
behavior in whisker-reinforced ceramic matrix composites.
J Am Ceram Soc 1988, 71: 1050–1061.
Donald IW, McMillan PW. Ceramic-matrix composites. J
Mater Sci 1976, 11: 949–972.
Becher PF, Tiegs TN. Toughening behavior involving
multiple mechanisms: Whisker reinforcement and zirconia
toughening. J Am Ceram Soc 1987, 70: 651–654.
Zhou XB, Jing L, Kwon YD, et al. Fabrication of SiCw/
Ti3SiC2 composites with improved thermal conductivity
and mechanical properties using spark plasma sintering. J
Adv Ceram 2020, 9: 462–470.
Zhang ZF, Sha JJ, Zu YF, et al. Fabrication and mechanical
properties of self-toughening ZrB2–SiC composites from in
situ reaction. J Adv Ceram 2019, 8: 527–536.
Musa C, Orrù R, Sciti D, et al. Synthesis, consolidation and
characterization of monolithic and SiC whiskers reinforced
HfB2 ceramics. J Eur Ceram Soc 2013, 33: 603–614.
Liu XF, Liu HL, Huang CZ, et al. High temperature
mechanical properties of Al2O3-based ceramic tool material
toughened by SiC whiskers and nanoparticles. Ceram Int
2017, 43: 1160–1165.
Schuldies JJ, Nageswaran R. 7-Ceramic matrix composites

www.springer.com/journal/40145

J Adv Ceram 2022, 11(6): 893–900

[9]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

899

for ballistic protection of vehicles and personnel. In: Blast
Protection of Civil Infrastructures and Vehicles Using
Composites. Nasim U, Ed. Amsterdam, the Netherlands:
Woodhead Publishing, 2010: 235–243.
Xu HH, Martin TA, Antonucci JM, et al. Ceramic whisker
reinforcement of dental resin composites. J Dent Res 1999,
78: 706–712.
Zuo F, Meng F, Lin DT, et al. Influence of
whisker-aspect-ratio on densification, microstructure and
mechanical properties of Al2O3 whiskers-reinforced
CeO2-stabilized ZrO2 composites. J Eur Ceram Soc 2018,
38: 1796–1801.
Voltsihhin N, Rodríguez M, Hussainova I, et al. Low
temperature, spark plasma sintering behavior of zirconia
added by a novel type of alumina nanofibers. Ceram Int
2014, 40: 7235–7244.
He GQ, Guo RX, Li MS, et al. Microstructure and
mechanical properties of short-carbon-fiber/Ti3SiC2
composites. J Adv Ceram 2020, 9: 716–725.
Wang CG, Huang Y. Improved sinterability of SiC(w)/
Si3N4 composites by whisker-oriented alignment. Mater
Sci Eng A 2005, 390: 319–325.
Raj R, Bordia RK. Sintering behavior of bi-modal powder
compacts. Acta Metall 1984, 32: 1003–1019.
Abdullah M, Ahmad J, Mehmood M. Influence of Al2O3
whisker concentration on flexural strength of Al2O3(w)–
ZrO2 (TZ–3Y) composite. Ceram Int 2012, 38: 6517–6523.
Tamura Y, Moshtaghioun BM, Gomez-Garcia D, et al.
Spark plasma sintering of fine-grained alumina ceramics
reinforced with alumina whiskers. Ceram Int 2017, 43:
658–663.
Echeberria J, Ollo J, Bocanegra-Bernal MH, et al. Sinter
and hot isostatic pressing (HIP) of multi-wall carbon
nanotubes (MWCNTs) reinforced ZTA nanocomposite:
Microstructure and fracture toughness. Int J Refract Met
Hard Mater 2010, 28: 399–406.
Yang M, Stevens R. Fabrication of SiC whisker reinforced
Al2O3 composites. J Mater Sci 1990, 25: 4658–4666.
Xie ZP, Li S, An LN. A novel oscillatory pressure-assisted
hot pressing for preparation of high-performance ceramics.
J Am Ceram Soc 2014, 97: 1012–1015.
Liu DG, Zhang XC, Fan JY, et al. Sintering behavior and
mechanical properties of alumina ceramics exposed to
oscillatory pressure at different sintering stages. Ceram Int
2021, 47: 23682–23685.
Wang KW, Zhao K, Liu JL, et al. Interplay of
microstructure and mechanical properties of WC–6Co
cemented carbides by hot oscillating pressing method.
Ceram Int 2021, 47: 20731–20735.
Fan JY, Yuan Y, Li JS, et al. Densification and grain growth
in oscillatory pressure sintering of alumina toughened zirconia
ceramic composites. J Alloys Compd 2020, 845: 155644.
Gao Y, Gao K, Fan L, et al. Oscillatory pressure sintering of
WC–Fe–Ni cemented carbides. Ceram Int 2020, 46:
12727–12731.

[24] Yuan Y, Fan JY, Li JS, et al. Oscillatory pressure sintering
of Al2O3 ceramics. Ceram Int 2020, 46: 15670–15673.
[25] Li ML, Zhao XT, Shao G, et al. Oscillatory pressure
sintering of high entropy (Zr0.2Ta0.2Nb0.2Hf0.2Mo0.2)B2
ceramic. Ceram Int 2021, 47: 8707–8710.
[26] Gao K, Xu YY, Tang GP, et al. Oscillating pressure
sintering of W–Ni–Fe refractory alloy. J Alloys Compd
2019, 805: 789–793.
[27] Cheng Y, Zhu TB, Li YW, et al. Microstructure and
mechanical properties of oscillatory pressure sintered WC
ceramics with different carbon sources. Ceram Int 2021, 47:
11793–11798.
[28] Han Y, Li S, Zhu TB, et al. An oscillatory pressure sintering
of zirconia powder: Densification trajectories and mechanical
properties. J Am Ceram Soc 2018, 101: 1824–1829.
[29] Han Y, Li S, Zhu TB, et al. Enhanced toughness and
reliability of Si3N4–SiCw composites under oscillatory
pressure sintering. Ceram Int 2018, 44: 12169–12173.
[30] Li S, Wei CC, Wang P, et al. Fabrication of ZrO2 whisker
modified ZrO2 ceramics by oscillatory pressure sintering.
Ceram Int 2020, 46: 17684–17690.
[31] Yang SL, Zhu YX, Fan L, et al. Preparation and mechanical
properties of SiCw–Al2O3–YAG ceramic composite by hot
oscillatory pressing. Ceram Int 2021, 47: 21231–21235.
[32] Zhu TB, Xie ZP, Han Y, et al. Improved mechanical
properties of Al2O3–25 vol% SiCw composites prepared by
oscillatory pressure sintering. Ceram Int 2017, 43:
15437–15441.
[33] Zhang J, Zhu TB, Cheng Y, et al. Fabrication and
mechanical properties of ZrO2–Al2O3–SiC(w) composites
by oscillatory pressure sintering. Ceram Int 2020, 46:
25719–25725.
[34] Zhang J, Zhu TB, Sang SB, et al. Microstructural evolution
and mechanical properties of ZrO2(3Y)–Al2O3–SiC(w)
ceramics under oscillatory pressure sintering. Mater Sci
Eng A 2021, 819: 141445.
[35] Bratton RJ, Terwilliger GR, Ho SM. Densification
phenomena in the hot-pressing of spinel. J Mater Sci 1972,
7: 1363–1368.
[36] Vieira JM, Brook RJ. Kinetics of hot-pressing: The
semilogarithmic law. J Am Ceram Soc 1984, 67: 245–249.
[37] Ting CJ, Lu HY. Hot-pressing of magnesium aluminate
spinel—I. Kinetics and densification mechanism. Acta
Mater 1999, 47: 817–830.
[38] Xue LA, Chen Y, Gilbart E, et al. The kinetics of hotpressing for undoped and donor-doped BaTiO3 ceramics. J
Mater Sci 1990, 25: 1423–1428.
[39] Bernard-Granger G, Guizard C. Spark plasma sintering of a
commercially available granulated zirconia powder: I.
Sintering path and hypotheses about the mechanism(s)
controlling densification. Acta Mater 2007, 55: 3493–3504.
[40] Weller M, Ledbetter H. Temperature-dependent Young's
modulus of an SiCw/Al2O3 composite. J Mater Sci 1995, 30:
834–836.
[41] Helle AS, Easterling KE, Ashby MF. Hot-isostatic pressing

www.springer.com/journal/40145

900

[42]

[43]

[44]

[45]

[46]
[47]

[48]

J Adv Ceram 2022, 11(6): 893–900

diagrams: New developments. Acta Metall 1985, 33:
2163–2174.
Wang XH, Chen PL, Chen IW. Two-step sintering of
ceramics with constant grain-size, I. Y2O3. J Am Ceram Soc
2006, 89: 431–437.
Mazaheri M, Zahedi AM, Sadrnezhaad SK. Two-step
sintering of nanocrystalline ZnO compacts: Effect of
temperature on densification and grain growth. J Am
Ceram Soc 2008, 91: 56–63.
Mazaheri M, Simchi A, Golestani-Fard F. Densification
and grain growth of nanocrystalline 3Y-TZP during
two-step sintering. J Eur Ceram Soc 2008, 28: 2933–2939.
Rösler J, Bäker M, Harders H. Mechanical behaviour of
ceramics. In: Mechanical Behaviour of Engineering
Materials: Metals, Ceramics, Polymers, and Composites.
Rösler J, Bäker M, Harders H, Eds. Heidelberg: Springer
Berlin Heidelberg, 2007: 227–255.
Raj R, Ashby MF. On grain boundary sliding and
diffusional creep. Metall Trans 1971, 2: 1113–1127.
Mosher DR, Raj R. Use of the internal friction technique to
measure rates of grain boundary sliding. Acta Metall 1974,
22: 1469–1474.
Abdullah M, Ahmad J, Mehmood M. Effect of sintering

temperature on properties of Al2O3 whisker reinforced 3
mol% Y2O3 stabilized tetragonal ZrO2 (TZ–3Y)
nanocomposites. Compos B Eng 2012, 43: 1785–1790.
[49] Leonov A. Effect of alumina nanofibers content on the
microstructure and properties of ATZ composites
fabricated by spark plasma sintering. Mater Today Proc
2019, 11: 66–71.
Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made.
The images or other third party material in this article are
included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder.
To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

www.springer.com/journal/40145

